rain arteriovenous malformations (AVMs) are rare lesions (1.1-1.4 per 100,000 population) with aberrant communications between arteries and veins without intervening capillary beds, resulting in high-flow, high-pressure shunting. [1] [2] [3] The lack of smooth muscle in the arterial microcirculation and deficiency of the internal elastic lamina in the venous component may contribute to rupture and intracranial hemorrhage through the weakened vascular wall.
cy in the elderly. 11, 12, [17] [18] [19] [20] The Lawton-Young grading scale includes patient age as a component in the determination of operative risk, with patients stratified into age ranges of younger than 20, 20-40, and older than 40 years. 8 When the Lawton-Young grade is added to the Spetzler-Martin (SM) grade, a supplemented SM grade 11 also incorporates patient age in surgical risk prediction.
The limited number of studies investigating surgical outcomes in elderly patients 4, 10, 16, 21 is confounded by small sample sizes and/or heterogeneous application of treatment modalities (endovascular embolization, preoperative embolization, microsurgical resection, and radiosurgery). The aging population and refinement of neuroimaging modalities have led to higher AVM detection rates in patients older than 60 years. Additional analysis of surgical outcomes is needed to better guide management decisions and treatment allocation in elderly patients with AVMs. In this work, we present a prospectively derived, retrospective analysis of microsurgical outcomes after AVM resection in elderly patients, specifically comparing results in patients 60-65 years of age with those in patients older than 65 years.
Methods

Study Design
This study was approved by the institutional review board and performed in compliance with Health Insurance Portability and Accountability Act (HIPAA) regulations. Prior to enrollment, patients signed written consent to participate in this study. Patients 60 years or older who, between June 1997 and June 2016, had undergone resection of AVMs or observation without treatment were identified from a single-institution, prospectively maintained database. Demographic information, SM grade, LawtonYoung grade, supplemented SM grade, clinical presentation, hemorrhage rate before surgery, AVM location, AVM-associated aneurysms, and outcomes measured using the modified Rankin Scale (mRS score 0-2 [favorable] vs mRS score > 2 [unfavorable]) were collected from the database. A neurologist or trained study coordinator performed patient outcome evaluations during postoperative clinic visits. Patients missing supplemented SM scores or surgical outcome information were excluded from the analysis. A detailed review of the literature (MEDLINE/ PubMed search) was also performed to identify all studies with more than 10 patients harboring AVMs that were surgically treated and/or observed.
Patient Groups
A total of 104 AVM patients who were 60 years or older at the time of surgical intervention or inclusion into the observation database were identified. When stratified by treatment group, 72 patients underwent resection, and 32 patients were observed without treatment. All patients had a follow-up clinical assessment of functional outcome. Surgical patients were further stratified into 2 age groups: 60-65 years (n = 35) and older than 65 years (n = 37) for outcomes analysis as previously described. 14, 15 In our patient cohort, nearly half of the patients were between 60 and 65 years old and nearly half were older than 65 years.
Statistical Analysis
Statistical analysis was performed using IBM SPSS (version 22, IBM Corp.) and figures were generated using Excel (version 14.6, Microsoft Corp.). Continuous variables are presented as mean ± SD. Comparisons between groups were performed using the Mann-Whitney U-test for continuous parameters and the chi-square test or the Fisher's exact test for categorical parameters. Statistical significance was set at p ≤ 0.05.
Results
Overall Results
Clinical and radiological characteristics in patients undergoing resection of their AVM (n = 72) were significantly different from those in observed patients (n = 32; Table 1 ). Patients undergoing resection were younger (p = 0.048). Observed patients were more likely to present with incidental, unruptured AVMs (p < 0.0001), and AVM patients who underwent surgery were more likely to present with ruptured AVMs (p = 0.004). Eloquent AVM location was more common in observed AVM patients (p = 0.011). Both SM and Lawton-Young grades were lower in patients who underwent resection (p = 0.002 and p = 0.01, respectively). With this selection bias, favorable outcome was comparable between patients with resected and observed AVMs at last follow-up (LFU; Table 2 ). However, the mean follow-up time was significantly shorter for surgical patients ( 
Resection Group
The 72 patients undergoing AVM resection had a mean age of 66 years (range 60-90 years), with a mean age of 62 years in the 60-to 65-year-old group and 70 years in the 66-to 90-year-old group. There was no statistically significant difference between the 2 age groups in terms of sex, hemorrhagic presentation, AVM size, SM grade, LawtonYoung grade, supplementary SM grade, AVM location, or AVM-associated aneurysms ( Table 1 ). The majority of AVMs in this analysis were smaller than 3 cm (47/72, 65%) and rupture was the most common presentation in both age groups (35/72, 49%) ( Table 1 ). The mRS score prior to surgery was also equivalent between the groups (Fig. 1 ).
Outcome at LFU was favorable (mRS score 0-2) in a total of 71% (51/72) of patients, with a mean follow-up time of 20.2 months ( Table 2 and Fig. 1 ). There was no significant difference in follow-up time between the 2 age groups (p = 0.37). Patients 60-65 years of age had significantly better clinical outcomes at LFU than patients older than 65 years (83% vs 60% of patients with an mRS score 0-2, p = 0.039; Table 2 and Fig. 1 ).
Perioperative complications and reoperations were comparable between age groups (Table 3) . Three patients (9%) from the 60-to 65-year age group and 2 patients (5%) from the older group required reoperation (Table 3) . Review of the literature showed favorable outcomes in surgically treated elderly AVM patients and in those observed (Table 4) . However, 2 studies comparing AVM surgery with natural history in the elderly showed more favorable outcomes in the surgical patients (Table 4) .
Surgical Outcomes Stratified by Age Groups
In the younger age group, outcomes were not dependent on SM or supplemented SM grade prior to surgery (Fig. 2) . However, in patients older than 65 years, outcome was statistically significantly dependent on preoperative SM and supplemented SM grades (Fig. 2) . When patients were grouped into different SM and supplemented SM groups, patients 60-65 years of age with a supplemented SM grade higher than 6 had favorable outcomes (9/10, 90%) compared with patients older than 65 years (5/13, 38%) (p = 0.029). This difference was not observed in lower supplemented SM grades or in both low and high SM grades (Table 2) .
Discussion
This report is the largest study to date analyzing outcomes for the microsurgical resection of AVMs in the elderly, and it demonstrates overall favorable outcomes, as assessed by mRS scores. Although good outcomes were observed in 71% of patients undergoing resection, the benefit was significantly better in patients 60-65 years of age (83%) than in patients older than 65 years (60%, p = 0.039). With respect to the natural history of brain AVMs, several early works suggested that bleeding risk decreases with patient age, particularly after a patient reaches the age of 40 years. 5, 13 This notion was challenged by Crawford et al. when they reported a higher likelihood of hemorrhage in patients diagnosed with AVMs at an older age (89% risk of hemorrhage over 8 years in patients diagnosed after the age of 60 years vs 15% risk of hemorrhage in patients diagnosed between 20 and 29 years of age). 2 A recently completed large-scale, multicenter, individual patient meta-analysis of 2525 patients with 6074 patientyears of follow-up demonstrated that increasing age and hemorrhagic presentation were significant predictors of subsequent hemorrhage in the untreated course of AVM patients. 9 A recently published single-center, retrospective review of 28 AVM patients older than 65 years also demonstrated hemorrhage as the most common symptom of patients on presentation. 16 This was confirmed in our analysis, with rupture observed in 49% of patients older than 60 years.
Lanzino et al. were the first investigators to examine outcomes in elderly patients after AVM resection. In their case series, 13 patients initially presented with intraparenchymal hemorrhage following AVM rupture. The mean follow-up time was 46 months across the subgroup. Of the 8 surviving patients, 6 regained independence in activities of daily living, 1 patient was described as independent with supervision, and the remaining patient was lost to follow-up. The authors concluded that age should not be a prohibitive factor for neurosurgical intervention in otherwise healthy patients presenting with ruptured AVMs. 10 We confirmed this overall benefit of surgical intervention, with favorable mRS scores observed in 70% of our elderly cohort at LFU.
Hashimoto et al. published their experience following AVM resection over a 14-year period that included 32 patients older than 60 years. 4 Twenty-three patients underwent microsurgical resection, 4 patients underwent radiosurgical treatment, and the remaining 5 patients were observed. Good to excellent outcomes were achieved in 69.6% of the elderly group after surgery or radiosurgery. In subgroup analysis, outcomes of patients with SM Grade I and II AVMs improved significantly following surgery. In patients with SM Grade III or higher AVMs on presentation, no benefit was observed. The authors concluded that surgical intervention is beneficial in elderly patients with low-grade AVMs (i.e., SM Grade I or II AVMs) on presentation, and the role of surgery in patients older than 60 years with higher-grade AVMs needed further clarification. Our data help clarify the role of AVM grade on outcomes, with the effects of higher SM and supplemental SM grades becoming more significant in more elderly patients, 65 years and older. Another interesting finding of the study by Hashimoto et al. was that all AVMs detected in elderly patients were smaller than 4 cm. The authors inferred that this may be attributed to the fact that larger LF = lost to follow-up; NA = not available. * Total patient population including patients treated with microsurgery (78% mRS score 0-2), embolization alone (50% mRS score 0-2), stereotactic radiosurgery (55% mRS score 0-2), and observation (57% mRS score 0-2). No separate outcome for the entire treatment group without observation was presented. † Five of 32 patients were observed only and did not undergo treatment. No separate outcome with or without treatment was presented. ‡ There was no information on LFU time for the observation group, although the rate of favorable mRS score at presentation was 87%. LFU for the treatment group was 0-3 months.
AVMs are less likely to remain symptom free until a later age, and thus they would be diagnosed and treated earlier. 4 In agreement with this hypothesis, AVMs smaller than 3 cm were the most frequently encountered (65% of total AVMs) within our cohort of elderly patients. Our study was limited by the lack of randomization between the resection group and the observation group. Surgical patients are a selected patient group; patients with lower SM AVM grades and hemorrhagic presentations were more likely to undergo resection than patients with incidental AVMs and higher SM AVM grades. With this selection bias, we achieved a high proportion of favorable outcomes in both the surgical and observed AVM patients, and there was no significant difference in outcome between the groups. This was confirmed by a systematic review of the literature (Table 4) , which showed favorable outcome in AVM patients with or without surgical treatment. Our single-center experience warrants external validation. Due to this selection bias, an age-and risk factor-matched analysis of patients managed differently was not possible.
Conclusions
Although our study is limited by its retrospective analysis of a prospective data set and by a small sample size, it is still the largest surgical series in the literature on microsurgical results in elderly AVM patients and provides evidence that outcomes are favorable in patients 60-65 years of age. Outcomes in the group of patients older than 65 years are dependent on preoperative SM or supplemental SM grading. This analysis may be used to refine current perioperative predictors for elderly patients presenting with AVMs.
